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MICRONEEDLES, MICRONEEDLE ARRAYS, AND SYSTEMS AND 
METHODS RELATING TO SAME 



REFERENCE TO RELATED APPLICATIONS 

This application claims priority to USSN 60/323,417 filed 19 September 
2001, entitled MICRONEEDLE, and naming Robert R. Gonnelli as inventor, the 
contents of which are hereby incorporated by reference. 

Technical Field 

The invention relates microneedles, microneedle arrays, and systems and 
methods relating to same. 

Background . 

Microneedles can be used, for example, to sample analyte content of a 
subject (e.g., a human) and/or to delivery a medicament (e.g., a drug) to a subject 
(e.g., a human). 

Topical delivery of drugs is a very useful method for achieving systemic or 
localized pharmacological effects. The main challenge in transcutaneous drug 
delivery is providing sufficient drug penetration across the skin. The skin consists 
of multiple layers starting with a stratum comuem layer about (for humans) twenty 
(20) microns in thickness (comprising dead cells), a viable epidermal tissue layer 
about seventy (70) microns in thickness, and a dermal tissue layer about two (2) mm 
in thickness. 

The thin layer of stratum corneum represents a major barrier for chemical 
penetration through skin. The stratum corneum is responsible for 50% to 90% of the 
skin barrier property, depending upon the drug material's water solubility and 
molecular weight. The epidermis comprises living tissue with a high concentration 
of water. This layer presents a lesser barrier for drug penetration. The dermis 
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contains a rich capillary network close to the dermal/epidermal junction, and once a 
drug reaches the dermal depth it diffuses rapidly to deep tissue layers (such as hair 
follicles, muscles, and internal organs), or systemically via blood circulation. 

Current topical drug delivery methods are based upon the use of penetration 
enhancing methods, which often cause skin irritation, and the use of occlusive 
patches that hydrate the stratum corneum to reduce its barrier properties. Only small 
fractions of topically applied drug penetrates through skin, with very poor 
efficiency. 

Conventional methods of biological fluid sampling and non-oral drug 
delivery are normally invasive. That is, the skin is lanced in order to extract blood 
and measure various components when performing fluid sampling, or a drug 
delivery procedure is normally performed by injection, which causes pain and 
requires special medical training. 

Alternatives to drug delivery by injection are known. One alternative is 
disclosed in U.S. Pat. No. 3,964,482 (by Gerstel), in which an array of either solid or 
hollow microneedles is used to penetrate through the stratum corneum, into the 
epidermal layer, but not to the dermal layer. 

The use of microneedles has great advantages in that intracutaneous drug 
delivery can be accomplished without pain and without bleeding. Microneedles are 
sufficiently long to penetrate through the stratum corneum skin layer and into the 
epidermal layer, yet are also sufficiently short to not penetrate to the dermal layer. 
Of course, if the dead cells have been completely or mostly removed from a portion 
of skin, then a very minute length of microneedle could be used to reach the viable 
epidermal tissue 

Although microneedle technology shows much promise for drug delivery, it 
would be a further advantage if a microneedle apparatus could be provided to 
sample fluids within skin tissue. 
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Summary 

In general, the systems and methods described herein relate to microneedles, 
microneedle arrays, and systems and methods relating to same. Accordingly, it is a 
primary advantage of the invention to provide a microneedle array which can 
perform intracutaneous drug delivery. It is another advantage of the invention to 
provide a microneedle array that can perform interstitial body-fluid testing and/or 
sampling. It is a further advantage of the invention to provide a microneedle array 
as part of a closed-loop system to control drug delivery, based on feedback 
information that analyzes body fluids, which can achieve real-time continuous 
dosing and monitoring of body activity. It is yet another advantage of the invention 
to provide an iontophoretically/microneedle-enhanced transdermal drug delivery 
system in order to achieve high-rate drug delivery and to achieve sampling of body 
fluids. It is a yet further advantage of the invention to provide a method for 
manufacturing an array of microneedles using micro fabrication techniques, 
including known semiconductor fabrication techniques. It is still another advantage 
of the invention to provide a method of manufacturing an array of microneedles 
comprising a plastic material by a "self-molding" method, a micromolding method, a 
microembossing method, or a microinjection method. 

In one aspect, the invention features a microneedle that includes first, second 
and third materials. The first material is in the shape of a microneedle and has first 
and second sides. The second material is disposed adjacent the first side of the first 
material, and the third metal is disposed adjacent the second side of the first 
material. 

The first material can be an electrically insulating material. The electrically 
insulating material can be, for example, air, silicon, glass, plastic, ceramic and/or 
mylar, and oxidized silicon. 

The second material can be an electrically conductive material. The 
electrically conductive material can be, for example, a metal or an alloy. The 
electrically conductive material can be, for example, gold, silver, copper, tantalum, 
tin, aluminum, platinum, palladium, nickel, titanium or an alloy thereof. 
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The third material can be an electrically conductive material. The 
electrically conductive material can be, for example, metal or an alloy. The 
electrically conductive material can be, for example, gold, silver, copper, tantalum, 
tin, aluminum, platinum, palladium, nickel, titanium or an alloy thereof. 

The second and third materials may be the same or different, and can be 
biologically compatible metals. 

The microneedle can further include a layer of an electron transfer agent 
(e.g., on the surface of the second and/or third materials). The electron transfer 
agent can be an enzyme which interacts with an analyte. such as an analyte present 
in a subject (e.g., a human). One example of an electron transfer agent is glucose 
oxidase. Other examples are set forth herein. 

In another aspect, the invention features a system that includes one of the 
microneedles in electrical communication with a sensor. The sensor can measure a 
change in an electrical parameter, such as capacitance, inductance, or resistance. In 
optional embodiments, the sensor measures change is a magnetic parameter or an 
optical characteristic. 

In a further aspect, the invention features a method of making one of the 
microneedles. The method can include, for example, one or more microfabrication 
steps. In one aspect, the invention features a microneedle array that includes a 
substrate and a plurality of microneedles connected to the substrate. At least one of 
the microneedles includes first, second and third materials. The first material is in 
the shape of a microneedle and has first and second sides. The second material is 
disposed adjacent the first side of the first material, and the third metal is disposed 
adjacent the second side of the first material. 

In a further aspect, the invention features a method of making one of the 
microneedle arrays. The method can include, for example, one or more 
microfabrication steps. 

In certain embodiments, microneedles, microneedle arrays, and/or 
microneedle systems can be involved in delivering drugs. For example, a system 
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can include a sample section and a delivery section. The sections can be in 
communication so that the delivery section delivers one or more desired 
medicaments in response to a signal from the sample section. Optionally, a does 
control system may be employed to select or regulate a delivered dose based, at least 
in part, on a change in an electrical, magnetic or optical parameter. 

Brief Description of the Drawings 

The foregoing and other objects and advantages of the invention will be 
appreciated more fully from the following further description thereof, with reference 
to the accompanying drawings wherein; 

Fig. 1 is a cross-sectional view of an embodiment of a microneedle; 

Fig. 2 is a cross-sectional view of an embodiment of a microneedle; 

Figs. 3 A and 3B are cross-sectional and top views, respectively, of an 
embodiment of an array of microneedles; 

Figs. 4A and 4B are cross-sectional and top views, respectively, of an 
embodiment of an array of microneedles; and 

Fig. 5 depicts one embodiment of a sample collection systems according to 
the invention that employs a sensor for detecting the presence of one or more 
analytes. 

Detailed Description 

To provide an overall understanding of the invention, certain illustrative 
embodiments will now be described, including a microneedle, and microneedle 
system that detects the presence of a biological compound or concentration of a 
biological compound of interest However, it will be understood by one of ordinary 
skill in the art that the systems and methods described herein can be adapted and 
modified for other suitable applications and that such other additions and 
modifications will not depart from the scope hereof. 
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The devices disclosed herein are useful in transport of material into or across 
biological barriers including the skin (or parts thereof); the blood-brain barrier; 
mucosal tissue (e.g., oral, nasal, ocular, vaginal, urethral, gastrointestinal, 
respiratory); blood vessels; lymphatic vessels; or cell membranes (e.g., for the 
introduction of material into the interior of a cell or cells). The biological barriers 
can be in humans or other types of animals, as well as in plants, insects, or other 
organisms, including bacteria, yeast, fungi, and embryos. 

The microneedle devices can be applied to tissue internally with the aid of a 
catheter or laparoscope. For certain applications, such as for drug delivery to an 
internal tissue, the devices can be surgically implanted. 

The microneedle device disclosed herein is typically applied to skin. The 
stratum corneum is the outer layer, generally between 10 and 50 cells, or between 10 
and 20 Jim thick. Unlike other tissue in the body, the stratum corneum contains 
"cells" (called keratinocytes) filled with bundles of cross-linked keratin and 
keratohyalin surrounded by an extracellular matrix of lipids. It is this structure that 
is believed to give skin its barrier properties, which prevents therapeutic transdermal 
administration of many drugs. Below the stratum corneum is the viable epidermis, 
which is between 50 and 100 ^im thick. The viable epidermis contains no blood 
vessels, and it exchanges metabolites by diffusion to and from the dermis. Beneath 
the viable epidermis is the dermis, which is between 1 and 3 mm thick and contains 
blood vessels, lymphatics, and nerves. 

The microneedle devices disclosed herein in some embodiments include a 
substrate; one or more microneedles; and, optionally, a reservoir for delivery of 
drugs or collection of analyte, as well as pump(s), sensor(s), and/or 
microprocessor(s) to control the interaction of the foregoing. 

The substrate of the device can be constructed from a variety of materials, 
including metals, ceramics, semiconductors, organics, polymers, and composites. 
The substrate includes the base to which the microneedles are attached or integrally 
formed. A reservoir may also be attached to the substrate. 
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The microneedles of the device can be constructed from a variety of 
materials, including metals, ceramics, semiconductors, organics, polymers, and 
composites. Preferred materials of construction include pharmaceutical grade 
stainless steel, gold, titanium, nickel, iron, gold, tin, chromium, copper, alloys of 
these or other metals, silicon, silicon dioxide, and polymers. Representative 
biodegradable polymers include polymers of hydroxy acids such as lactic acid and 
glycolic acid polylactide, polyglycolide, polylactide-co-glycolide, and copolymers 
with PEG, polyanhydrides, poly(ortho)esters, polyurethanes, poly(butyric acid), 
poly(valeric acid), and poly(lactide-co-caprolactone). Representative non- 
biodegradable polymers include polycarbonate, polymethacrylic acid, ethylenevinyl 
acetate, polytetrafluorethylene and polyesters. 

Generally, the microneedles should have the mechanical strength to remain 
intact for delivery of drugs, and to serve as a conduit for the collection of biological 
fluid and/or tissue, while being inserted into the skin, while remaining in place for 
up to a number of days, and while being removed. In certain embodiments, the 
microneedles maybe formed of biodegradable polymers. However, for these 
embodiments that employ biodegratable materials, the mechanical requirement may 
be less stringent. 

The microneedles can be formed of a porous solid, with or without a sealed 
coating or exterior portion, or hollow. As used herein, the term "porous" means 
having pores or voids throughout at least a portion of the microneedle structure, 
sufficiently large and sufficiently interconnected to permit passage of fluid and/or 
solid materials through the microneedle. As used herein, the term "hollow" means 
having one or more substantially annular bores or channels through the interior of 
the microneedle structure, having a diameter sufficiently large to permit passage of 
fluid and/or solid materials through the microneedle. The annular bores may extend 
throughout all or a portion of the needle in the direction of the tip to the base, 
extending parallel to the direction of the needle or branching or exiting at a side of 
the needle, as appropriate. A solid or porous microneedle can be hollow. One of 
skill in the art can select the appropriate porosity and/or bore features required for 
specific applications. For example, one can adjust the pore size or bore diameter to 
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permit passage of the particular material to be transported through the microneedle 
device. 

The microneedles can have straight or tapered shafts. A hollow microneedle 
that has a substantially uniform diameter, which needle does not taper to a point, is 
referred to herein as a "rnicrotube." As used herein, the term "microneedle" includes, 
although is not limited to both microtubes and tapered needles unless otherwise 
indicated. In a preferred embodiment, the diameter of the microneedle is greatest at 
the base end of the microneedle and tapers to a point at the end distal the base. The 
microneedle can also be fabricated to have a shaft that includes both a straight 
(untapered) portion and a tapered portion. 

The microneedles can be formed with shafts that have a circular cross- 
section in the perpendicular, or the cross-section can be non-circular. For example, 
the cross-section of the microneedle can be polygonal (e.g. star-shaped, square, 
triangular), oblong, or another shape. The shaft can have one or more bores. The 
cross-sectional dimensions typically are between about 10 nm and 1 mm, preferably 
between 1 micron and 200 microns, and more preferably between 10 and 100 |im. 
The outer diameter is typically between about 10 Jim and about 100 jam, and the 
inner diameter is typically between about 3 jxm and about 80 p.m. 

The length of the microneedles typically is between about 1 and 1 mm, 
preferably between 10 microns and 500 microns, and more preferably between 30 
and 200 |im. The length is selected for the particular application, accounting for 
both an inserted and uninserted portion. An array of microneedles can include a 
mixture of microneedles having, for example, various lengths, outer diameters, inner 
diameters, cross-sectional shapes, and spacings between the microneedles. 

The microneedles can be oriented perpendicular or at an angle to the 
substrate. Preferably, the microneedles are oriented perpendicular to the substrate so 
that a larger density of microneedles per unit area of substrate can be provided. An 
array of microneedles can include a mixture of microneedle orientations, heights, or 
other parameters. 
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In a preferred embodiment of the device, the substrate and/or microneedles, 
as well as other components, are formed from flexible materials to allow the device 
to fit the contours of the biological barrier, such as the skin, vessel walls, or the eye, 
to which the device is applied. A flexible device will facilitate more consistent 
penetration during use, since penetration can be limited by deviations in the 
attachment surface. For example, the surface of human skin is not flat due to 
dermatoglyphics (i.e. tiny wrinkles) and hair. 

The microneedle device may include a reservoir in communication with the 
microneedles. The reservoir can be attached to the substrate by any suitable means. 
In a preferred embodiment, the reservoir is attached to the back of the substrate 
(opposite the microneedles) around the periphery, using an adhesive agent (e.g., 
glue). A gasket may also be used to facilitate formation of a fluid-tight seal. 

In one embodiment, the reservoir contains drug, for delivery through the 
microneedles. The reservoir may be a hollow vessel, a porous matrix, or a solid 
form including drug which is transported therefrom. The reservoir can be formed 
from a variety of materials that are compatible with the drug or biological fluid 
contained therein. Preferred materials include natural and synthetic polymers, 
metals, ceramics, semiconductors, organics, and composites. 

The microneedle device can include one or a plurality of chambers for 
storing materials to be delivered. In the embodiment having multiple chambers, 
each can be in fluid connection with all or a portion of the microneedles of the 
device array. In one embodiment, at least two chambers are used to separately 
contain drug (e.g., a lyophilized drug, such as a vaccine) and an administration 
vehicle (e.g., saline) in order to prevent or minimize degradation during storage. 
Immediately before use, the contents of the chambers are mixed. Mixing can be 
triggered by any means, including, for example, mechanical disruption (i.e. 
puncturing or breaking), changing the porosity, or electrochemical degradation of 
the walls or membranes separating the chambers. In another embodiment, a single 
device is used to deliver different drugs, which are stored separately in different 
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chambers. In this embodiment, the rate of delivery of each drug can be 
independently controlled. 

In a preferred embodiment, the reservoir is in direct contact with the 
microneedles and have holes through which drug could exit the reservoir and flow 
into the interior of hollow or porous microneedles. In another preferred 
embodiment, the reservoir has holes which permit the drug to transport out of the 
reservoir and onto the skin surface. From there, drug is transported into the skin, 
either through hollow or porous microneedles, along the sides of solid microneedles, 
or through pathways created by microneedles in the skin. . 

The microneedle device also must be capable of transporting material across 
the barrier at a useful rate. For example, the microneedle device must be capable of 
. delivering drug across the skin at a rate sufficient to be therapeutically useful. The 
device may include a housing with microelectronics and other micromachined 
structures to control the rate of delivery either according to a preprogrammed 
schedule or through active interface with the patient, a healthcare professional, or a 
biosensor. The rate can be controlled by manipulating a variety of factors, including 
the characteristics of the drug formulation to be delivered (e.g., its viscosity, electric 
charge, and chemical composition); the dimensions of each microneedle (e.g., its 
outer diameter and the area of porous or hollow openings); the number of 
microneedles in the device; the application of a driving force (e.g., a concentration . 
gradient, a voltage gradient, a pressure gradient); and the use of a valve. 

The rate also can be controlled by interposing between the drug in the 
reservoir and the opening(s) at the base end of the microneedle polymeric or other 
materials selected for their diffusion characteristics. For example, the material 
composition and layer thickness can be manipulated using methods known in the art 
to vary the rate of diffusion of the drug of interest through the material, thereby 
controlling the rate at which the drug flows from the reservoir through the 
microneedle and into the tissue. 

Transportation of molecules through the microneedles can be controlled or 
monitored using, for example, various combinations of valves, pumps, sensors, 
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actuators, and microprocessors. These components can be produced using standard 
manufacturing or microfabrication techniques. Actuators that may be useful with 
the microneedle devices disclosed herein include micropumps, microvalves, and 
positioners. In a preferred embodiment, a microprocessor is programmed to control 
a pump or valve, thereby controlling the rate of delivery. 

Flow of molecules through the microneedles can occur based on diffusion, 
capillary action, or can be induced using conventional mechanical pumps or 
nonmechanical driving forces, such as electroosmosis or electrophoresis, or 
convection. For example, in electroosmosis, electrodes are positioned on the 
biological barrier surface, one or more microneedles, and/or the substrate adjacent 
the needles, to create a convective flow which carries oppositely charged ionic 
species and/or neutral molecules toward or into the biological barrier. In a preferred 
embodiment, the microneedle device is used in combination with another 
mechanism that enhances the permeability of the biological barrier, for example by 
increasing cell uptake or membrane disruption, using electric fields, ultrasound, 
chemical enhancers, viruses, pH, heat and/or light. 

Passage of the microneedles, or drug to be transported via the microneedles, 
can be manipulated by shaping the microneedle surface, or by selection of the 
material forming the microneedle surface (which could be a coating rather than the 
microneedle per se). For example, one or more grooves on the outside surface of the 
microneedles can be used to direct the passage of drug, particularly in a liquid state. 
Alternatively, the physical surface properties of the microneedle could be 
manipulated to either promote or inhibit transport of material along the microneedle 
surface, such as by controlling hydrophilicity or hydrophobicity. 

The flow of molecules can be regulated using a wide range of valves or 
gates. These valves can be the type that are selectively and repeatedly opened and 
closed, or they can be single-use types. For example, in a disposable, single-use 
drug delivery device, a fracturable barrier or one-way gate may be installed in the 
device between the reservoir and the opening of the microneedles. When ready to 
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microneedles. Other valves or gates used in the microneedle devices can be 
activated thermally, electrochemically, mechanically, or magnetically to selectively 
initiate, modulate, or stop the flow of molecules through the needles. In a preferred 
embodiment, flow is controlled by using a rate-limiting membrane as a "valve." 

The microneedle devices can further include a flowmeter or other dose 
control system to monitor flow and optionally control flow through the microneedles 
and to coordinate use of the pumps and valves. 

Useful sensors may include sensors of pressure, temperature, chemicals, 
and/or electromagnetic fields. Biosensors can be employed, and in one arrangement, 
are located on the microneedle surface, inside a hollow or porous microneedle, or 
inside a device in communication with the body tissue via the microneedle (solid, 
hollow, or porous). These microneedle biosensors may include any suitable 
transducers, including but not limited to potentiometric, amperometric, optical, 
magnetic and physiochemical. An amperometric sensor monitors currents generated 
when electrons are exchanged between a biological system and an electrode. Blood 
glucose sensors frequently are of this type. As described herein, the sensors may be 
formed to sense changes resulting from an election transfer agent interacting with 
analyte or analytes of interest. 

The microneedle may function as a conduit for fluids, solutes, electric 
charge, light, or other materials. In one embodiment, hollow microneedles can be 
filled with a substance, such as a gel, that has a sensing functionality associated with 
it. In an application for sensing based on binding to a substrate or reaction mediated 
by an enzyme, the substrate or enzyme can be immobilized in the needle interior, 
which would be especially useful in a porous needle to create an integral 
needle/sensor. 

Wave guides can be incorporated into the microneedle device to direct light 
to a specific location, or for dection, for example, using means such as a pH dye for 
color evaluation. Similarly, heat, electricity, light or other energy forms may be 
preciselyltansmitted to directly stimulate, damage, or heal a specific tissue or 
intermediary (e.g., tattoo remove for dark skinned persons), or diagnostic purposes, 
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such as measurement of blood glucose based on IR spectra or by chromatographic 
means, measuring a color change in the presence of immobilized glucose oxidase in 
combination with an appropriate substrate. 

A collar or flange also can be provided with the device, for example, around 
the periphery of the substrate or the base. It preferably is attached to the device, but 
alternatively can be formed as integral part of the substrate, for example by forming 
microneedles only near the center of an "oversized" substrate. The collar can also 
emanate from other parts of the device. The collar can provide an interface to attach 
the microneedle array to the rest of the device, and can facilitate handling of the 
smaller devices. 

In a preferred embodiment, the microneedle device includes an adhesive to 
temporarily secure the device to the surface of the biological barrier. The adhesive 
can be essentially anywhere on the device to facilitate contact with the biological 
barrier. For example, the adhesive can be on the surface of the collar (same side as 
microneedles), on the surface of the substrate between the microneedles (near the 
base of the microneedles), or a combination thereof. 

FIG. 1 depicts one microneedle 100 that is generally is between about 1 jim 
and 1 mm in length. The diameter and length both affect pain as well as functional 
properties of the needles. In transdermal applications, the "insertion depth" of the 
microneedle is preferably less than about 200 \im 9 more preferably about 30 \im 9 so 
that insertion of the microneedles into the skin through the stratum corneum does not 
penetrate past the epidermis into the dermis, thereby avoiding contacting nerves and 
reducing the potential for causing pain. In such applications, the actual length of the 
microneedles may be longer, since the portion of the microneedles distal the tip may 
not be inserted into the skin; the uninserted length depends on the particular device 
design and configuration. The actual (overall) height or length of microneedles 
should be equal to the insertion depth plus the uninserted length. In applications 
where the microneedle 100 is employed to sample blood or tissue, the length of the 
microneedle is selected to allow sufficient penetration for blood to flow into the 
microneedle or the desired tissue be penetrated. 
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More particularly, Fig. 1 is a cross-sectional view of an embodiment of a 
microneedle 100 formed of three layers of material 102, 104 and 106. 

In certain embodiments, layer 102 is an electrically conductive material, such 
as a metal or an alloy. Examples of metals and alloy constituents that can be used in 
layer 102 include, for example, transition metals and the like. In some 
embodiments, layer 102 is formed of gold, platinum, palladium, nickel, titanium or a 
combination thereof. 

In some embodiments, layer 104 is formed of an electrically insulating 
material. Materials useful as non-conductive members include, but are not limited 
to, silicon, glass, plastic, ceramic and mylar. 

In certain embodiments, layer 106 is formed of an electrically conductive 
material, such as a metal or an alloy. Examples of metals and alloy constituents that 
can be used in layer 102 include, for example, transition metals and the like. In 
some embodiments, layer 106 is formed of gold, platinum, palladium, nickel, 
titanium or a combination thereof. In general, layer 102 is formed of a different 
material than layer 106. For example, in embodiments in which layer 102 is formed 
of gold, layer 106 can be formed of platinum. As another example, in embodiments 
in which layer 102 is formed of platinum, layer 1 06 can be formed of gold. 

Fig. 2 shows an embodiment of a microneedle 200 including layers 102, 
104,106 and a layer 108 of an electron transfer agent. Examples of electron transfer 
agents include enzymes, and functional derivatives thereof. 

Electron transfer agents can be selected, for example, from among those that 
participate in one of several organized electron transport systems in vivo. Examples 
of such systems include respiratory phosphorylation that occurs in mitochondria and 
the primary photosynthetic process of thyrakoid membranes. 

An electron transfer agent can specifically interact with a metabolite or 
analyte in the patient's system. For example, electron transfer agent-analyte pairs 
can include antibody-antigen and enzyme-member. 
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Redox enzymes, such as oxidases and dehydrogenases, can be particularly 
useful in the device. Examples of such enzymes are glucose oxidase (EC 1.1.3.4), 
lactose oxidase, galactose oxidase, enoate reductase, hydrogenase, choline 
dehydrogenase, alcohol dehydrogenase (EC 1.1.1.1), and glucose dehydrogenase. 

Devices described herein can exhibit specificity for a given analyte; and the 
specificity can be imparted by the selective interaction of an analyte (e.g., glucose) 
with the electron transfer agent (e.g., glucose oxidase or glucose dehydrogenase). 

Figs. 3 A and 3B show an embodiment of a microneedle array 300 in which 
layers (e.g., electrically conducting layers) 102 and 106 are discontinuous. Although 
shown in these figures as being discontinuous, the invention is not so limited. For 
example, layers 102 and/or 106 can be continuously disposed over the entire surface 
of layer 104 (e.g., a substrate). Moreover, the pattern of layers 102 and/or 106 can 
be varied as desired. 

Figs. 4A and 4B show an embodiment of a microneedle array 400 in which 
layers (e.g., electrically conducting layers) 102 and 106, and an electron transfer 
agent layer 108 are discontinuous. Although shown in these figures as being 
discontinuous, the invention is not so limited. For example, layers 102, 106 and/or 
108 can be continuously disposed over the entire surface of layer 104 (e.g., a 
substrate). Moreover, the pattern of layers 102, 106 and/or 108 can be varied as 
desired. 

The sensing device can be used to detect any interaction which changes the 
charge, pH, or conformation of a given agent-analyte pair. Such agent-analyte pairs 
include, without limitation, protein-protein pairs, protein-small organic molecule 
pairs, or small organic molecule-small organic molecule pairs. Interactions between 
any of the foregoing agent-analyte pairs which result in a change in the charge, pH, 
and/or conformation of either the agent and/or the analyte are useful in the methods 
of the present invention. 

Examples of agent-analyte pairs, wherein the interaction between the agent 
and the analyte results in a change in the charge, pK, and/or conformation of either 
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the agent or the analyte. include the addition of one or more phosphate groups 
(phosphorylation) to a substrate by a kinase. Such a phosphorylation event results 
in a change in the charge of the phosphorylated protein, and this change in 
phosphorylation may alter the conformation of that protein. Kinases are involved in 
a cell proliferation, differentiation, migration, and regulation of the cell cycle. 
Misregulation of kinase activity, either an increase or decrease in activity, is 
implicated in cancer and other proliferative disorders such as psoriasis. 

In addition to the activity of kinases which phosphorylate target proteins, 
phosphatases change the charge and/or conformation of a target substrate by 
removing one or more phosphate groups (dephosphorylation) from a target substrate. 
The activity of phosphatases are also critical in regulation of the cell cycle, 
regulation of cell proliferation, cell differentiation, and cell migration. 
Misregulation of phosphatase activity, either an increase or decrease in activity, is 
implicated in proliferative disorders including many forms of cancers. 

Further examples of agent-analyte interactions useful in the methods of the 
present invention include receptor-ligand interactions which result in changes in 
conformation of either the receptor of the ligand. Growth factors including, without 
limitation, fibroblast growth factor (FGF), epidermal growth factor (EGF), platlet 
derived growth factor (PDGF), nerve derived growth factor (NGF) modulate cellular 
behavior via interaction with cell surface receptors. The interaction with the cell 
surface receptor results in the activation of signal transduction pathways which 
result in changes in cellular behavior. In the case of growth factors, these changes in 
cellular behavior include changes in cell survival, changes in cell proliferation, and 
changes in cell migration. The interaction between the growth factor and its 
receptor results in a change in conformation, and often a change in phosphorylation, 
of the receptor and/or the growth factor itself. This change could be readily detected 
by the methods of the present invention. 

-16- 



JSDOCID: <WO_03024507A3J_> 



WO 03/024507 



PCT/US02/29913 



Further examples of biological and biochemical processes which can be 
readily detected by the methods of the present invention include interactions which 
alter the post translation modification of a protein. Post translation modification 
which alter the activity of a protein include changes in glycosylation state, lipophilic 
modification, acetylation, and phosphorylation of a protein. The addition of 
subtraction of one or more sugar moieties, acetyl groups, or phosphoryl groups not 
only affects the activity of the protein, but also affects the charge, pH and/or 
conformation of the protein. 

Agent-analyte pairs may also include the interaction of an antibody which 
specifically detects a given protein of interest with that protein of interest. 
Antibody-protein interactions may be extremely specific, and are used to detect low 
concentration of proteins (e.g., ELIZA assays). In this way, the methods of the 
present invention can be used to detect a low level of any protein of interest which 
may be elevated in a fluid sample. 

Agent-analyte pairs may also include interactions between a protein and a 
small organic molecule or between small organic molecules. For example, the 
methods of the present invention can be used to detect changes in the level of sugar 
(e.g., glucose, lactose, galactose, etc.) lipid, amino acid or cholesterol, in a fluid 
sample of a patient. A variety of conditions result in changes in the levels of small 
organic molecules in body fluids of a patient. These include diabetes, 
hypoglycemia, hypolipidemic hyperlipidemia, hypercholesterolemia, PKU, 
hypothyroidism, hyperthyroidism, and other metabolic disorders which alter the 
bodies ability to metabolize sugars, lipids, and/or proteins. 
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In certain embodiments, a microneedle or microneedle array as described 
herein can be used in a device designed to qualitatively and/or quantitatively 
measure an analyte in a subject (e.g., a human). In such embodiments, layer 106 can 
act as a reference electrode while layer 102 (in conjunction with, layer 108) can act 
as a working electrode, and layers 102 and 106 can be in electrical communication 
with a sensor. Generally, in such embodiments, layers 102 and 106 are electrically 
isolated from each other (e.g., by forming layer 104 of an electrically insulating 
material). 

Methods of manufacturing, as well as various design features and methods of 
using, the microneedles and microneedle arrays described herein are disclosed, for 
example, in Published PCT patent application WO 99/64580, entitled "Microneedle 
Devices and Methods of Manufacture and Use Thereof," Published PCT patent 
application WO 00/74763, entitled "Devices and Methods for Enhanced 
Microneedle Penetration or Biological Barriers," Published PCT patent application 
WO 01/49346, entitled "Stacked Microneedle Systems," and Published PCT patent 
application WO 00/48669, entitled "Electroactive Pore," each of which is hereby 
incorporated by reference. Generally, the microneedles and microneedles arrays can 
be prepared using electrochemical etching techniques, plasma etching techniques, 
electroplating techniques and microfabrication techniques. Typically, layer 104 
(e.g., substrate 104) is prepared using an appropriate technique, and layers 106 and 
102 are subsequently formed (e.g, by an appropriate deposition technique, such as a 
vapor deposition technique or an electroplating technique). Layer 108 can be 
applied using, for example, standard techniques. 

Fig. 5 depicts the microneedle 200 of Fig. 2 with a sensor electrically 
coupled between the metal layer 102 and the metal layer 106. The sensor can be 
suitable sensor capable of measuring or detecting a change in an electrical 
parameter, such as voltage, current, capacitance, resistance and/or inductance. The 
sensor may comprise a resistor, differential amplifier, capacitance meter or any other 
suitable device. In the embodiment of Fig. 5 the sensor measures changes in an 
electrical parameter, but is other embodiments, the sensor may be capable of 
measuring a magnetic parameter, such as a hall effect device, or an optical 
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characteristic. The sensor may generate a signed capable of operating a dose control 
system or flow meter that controls or allows the flow of a drug to the patient. 
Optionally, the sensor may control an alarm or indicator that may be visual, or 
auditory. 

In embodiments, microneedles, microneedle arrays, and/or microneedle 
systems can be involved in delivering drugs. For example, a system can include a 
sample section and a delivery section. The sections can be in communication so that 
the delivery section delivers one or more desired medicaments in response to a 
signal from the sample section. 

The device may be used for single or multiple uses for rapid transport across 
a biological barrier or may be left in place for longer times (e.g., hours or days) for 
long-term transport of molecules. Depending on the dimensions of the device, the 
application site, and the route in which the device is introduced into (or onto) the 
biological barrier, the device may be used to introduce or remove molecules at 
specific locations. 

As discussed above, FIG. 1 shows a side elevational view of a schematic of a 
preferred embodiment of the microneedle device 10 in a transdermal application. 
The device 10 is applied to the skin such that the microneedles 12 penetrate through 
the stratum comeum and enter the viable epidermis so that the tip of the microneedle 
at least penetrates into the viable epidermis. In a preferred embodiment, drug 
molecules in a reservoir within the upper portion 1 1 flow through or around the 
microneedles and into the viable epidermis, where the drug molecules then diffuse 
into the dermis for local treatment or for transport through the body. 

To control the transport of material out of or into the device through the 
microneedles, a variety of forces or mechanisms can be employed. These include 
pressure gradients, concentration gradients, electricity, ultrasound, receptor binding, 
heat, chemicals, and chemical reactions. Mechanical or other gates in conjunction 
with the forces and mechanisms described above can be used to selectively control 
transport of the material. 

In particular embodiments, the device should be 11 user-friendly." For 
example, in some transdermal applications, affixing the device to the skin should be 
relatively simple, and not require special skills. This embodiment of a microneedle 
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may include an array of microneedles attached to a housing containing drug in an 
internal reservoir, wherein the housing has a bioadhesive coating around the 
microneedles. The patient can remove a peel-away backing to expose an adhesive 
coating, and then press the device onto a clean part of the skin, leaving it to 
administer drug over the course of, for example, several days. 

Essentially any drug or other bioactive agents can be delivered using these 
devices. Drags can be proteins, enzymes, polysaccharides, polynucleotide 
molecules, and synthetic organic and inorganic compounds. A preferred drug is 
insulin. Representative agents include anti-infectives, hormones, growth regulators, 
drugs regulating cardiac action or blood flow, and drugs for pain control. The drug 
can be for local treatment or for regional or systemic therapy. The following are 
representative examples, and disorders they are used to treat: Calcitonin, 
osteoporosis; Enoxaprin, anticoagulant; Etanercept, rheumatoid arthritis; 
Erythropoietin, anemia; Fentanyl, postoperative and chronic pain; Filgrastin, low 
white blood cells from chemotherapy; Heparin, anticoagulant; Insulin, human, 
diabetes; Interferon Beta I a, multiple sclerosis; Lidocaine, local anesthesia; 
Somatropin, growth hormone; Sumatriptan, and migraine headaches. 

In this way, many drugs can be delivered at a variety of therapeutic rates. 
The rate can be controlled by varying a number of design factors, including the outer 
diameter of the microneedle, the number and size of pores or channels in each 
microneedle, the number of microneedles in an array, the magnitude and frequency 
of application of the force driving the drug through the microneedle and/or the holes 
created by. the microneedles. For example, devices designed to deliver drug at 
different rates might have more microneedles for more rapid delivery and fewer 
microneedles for less rapid delivery. As another example, a device designed to 
deliver drug at a variable rate could vary the driving force (e.g., pressure gradient 
controlled by a pump) for transport according to a schedule which was pre- 
programmed or controlled by, for example, the user or his doctor. The devices can 
be affixed to the skin or other tissue to deliver drugs continuously or intermittently, 
for durations ranging from a few seconds to several hours or days. 

One of skill in the art can measure the rate of drug delivery for particular 
microneedle devices using in vitro and in vivo methods known in the art. For 
example, to measure the rate of transdermal drug delivery, human cadaver skin 
mounted on standard diffusion chambers can be used to predict actual rates. See 
Hadgraft & Guy, eds., Transdermal Drug Delivery: Developmental Issues and 
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Research Initiatives (Marcel Dekker, New York 1989); Bronaugh & Maibach, 
Percutaneous Absorption, Mechanisms— Methodology— Drug Delivery (Marcel 
Dekker, New York 1989). After filling the compartment on the dermis side of the 
diffusion chamber with saline, a microneedle array is inserted into the stratum 
corneum; a drug solution is placed in the reservoir of the microneedle device; and 
samples of the saline solution are taken over time and assayed to determine the rates 
of drug transport. 

In an alternate embodiment, biodegradable or non-biodegradable 
microneedles can be used as the entire drug delivery device, where biodegradable 
microneedles are a preferred embodiment. For example, the microneedles may be 
formed of a biodegradable polymer containing a dispersion of an active, agent for 
local or systemic delivery. The agent could be released over time, according to a 
profile determined by the composition and geometry of the microneedles, the 
concentration of the drug and other factors. In this way, the drug reservoir is within 
the matrix of one or more of the microneedles. 

In another alternate embodiment, these microneedles may be purposefully 
sheared off from the substrate after penetrating the biological barrier. In this way, a 
portion of the microneedles would remain within or on the other side of the 
biological bamer and a portion of the microneedles and their substrate would be 
removed from the biological barrier. In the case of skin, this could involve inserting 
an array into the skin, manually or otherwise breaking off the microneedles tips and 
then remove the base of the microneedles. The portion of the microneedles which 
remains in the skin or in or across another biological barrier could then release drug 
over time according to a profile determined by the composition and geometry of the 
microneedles, the concentration of the drug and other factors. In a preferred 
embodiment, the microneedles are made of a biodegradable polymer. The release of 
drug from the biodegradable microneedle tips could be controlled by the rate of 
polymer degradation. Microneedle tips could release drugs for local or systemic 
effect, but could also release other agents, such as perfume, insect repellent and sun 
block. 

Microneedle shape and content could be designed to control the breakage of 
microneedles. For example, a notch could be introduced into microneedles either at 
the time of fabrication or as a subsequent step. In this way, microneedles would 
preferentially break at the site of the notch. Moreover, the size and shape of the 
portion of microneedles which break off could be controlled not only for specific 
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drug release patterns, but also for specific interactions with cells in the body. For 
example, objects of a few microns in size are known to be taken up by macrophages. 
The portions of microneedles that break off could be controlled to be bigger or 
smaller than that to prevent uptake by macrophages or could be that size to promote 
uptake by macrophages, which could be desirable for delivery of vaccines. 

One embodiment of the devices described herein may be used to remove 
material from the body across a biological barrier, i.e. for minimally invasive 
diagnostic sensing. For example, fluids can be transported from interstitial fluid in a 
tissue into a reservoir in the upper portion of the device. The fluid can then be 
assayed while in the reservoir or the fluid can be removed from the reservoir to be 
assayed, for diagnostic or other purposes. For example, interstitial fluids can be 
removed from the epidermis across the stratum corneum to assay for glucose 
concentration, which should be useful in aiding diabetics in determining their 
required insulin dose. Other substances or properties that would be desirable to 
detect include lactate (important for athletes), oxygen, pH, alcohol/tobacco 
metabolites, and illegal drugs (important for both medical diagnosis and law 
enforcement). 

The sensing device can be in or attached to one or more microneedles, or in a 
housing adapted to the substrate. Sensing information or signals can be transferred 
optically (e.g., refractive index) or electrically (e.g., measuring changes in electrical 
impedance, resistance, current, voltage, or combination thereof). For example, it 
may be useful to measure a change as a function of change in resistance of tissue to 
an electrical current or voltage, or a change in response to channel binding or other 
criteria (such as an optical change) wherein different resistances are calibrated to 
signal that more or less flow of drug is needed, or that delivery has been completed. 

In one embodiment, one or more microneedle devices can be used for (1) 
withdrawal of interstitial fluid, (2) assay of the fluid, and/or (3) delivery of the 
appropriate amount of a therapeutic agent based on the results of the assay, either 
automatically or with human intervention. For example, a sensor delivery system 
may be combined to form, for example, a system which withdraws bodily fluid, 
measures its glucose content, and delivers an appropriate amount of insulin. The 
sensing or delivery step also can be performed using conventional techniques, which 
would be-integrated into use of the microneedle device. For example, the 
microneedle device could be used to withdraw and assay glucose, and a 
conventional syringe and needle used to administer the insulin, or vice versa. 
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In an alternate embodiment, microneedles may be purposefully sheared off 
from the substrate after penetrating the biological barrier, as described above. The 
portion of the microneedles which remain within or on the other side of the 
biological barrier could contain one or more biosensors. For example, the sensor 
could change color as its output. For microneedles sheared off in the skin, this color 
change could be observed through the skin by visual inspection or with the aid of an 
optical apparatus. 

Other than transport of drugs and biological molecules, the microneedles 
may be used to transmit or transfer other materials and energy forms, such as light, 
electricity, heat, or pressure. The microneedles, for example, could be used to direct 
light to specific locations within the body, in order that the light can directly act on a 
tissue or on an intermediary, such as light-sensitive molecules in photodynamic 
therapy. The microneedles can also be used for aerosolization or delivery for 
example directly to a mucosal surface in the nasal or buccal regions or to the 
pulmonary system. 

The microneedle devices disclosed herein also should be useful for 
controlling transport across tissues other than skin. For example, microneedles 
could be inserted into the eye across, for example, conjunctiva, sclera, and/or cornea, 
to facilitate delivery of drugs into the eye. Similarly, microneedles inserted into the 
eye could facilitate transport of fluid out of the eye, which may be of benefit for 
treatment of glaucoma. Microneedles may also be inserted into the buccal (oral), 
nasal, vaginal, or other accessible mucosa to facilitate transport into, out of, or 
across those tissues. For example, a drug may be delivered across the buccal 
mucosa for local treatment in the mouth or for systemic uptake and delivery. As 
another example, microneedle devices may be used internally within the body on, 
for example, the lining of the gastrointestinal tract to facilitate uptake of orally- 
ingested drugs or the lining of blood vessels to facilitate penetration of drugs into the 
vessel wall. For example, cardiovascular applications include using microneedle 
devices to facilitate vessel distension or immobilization, similarly to a stent, wherein 
the microneedles/substrate can function as a "staple-like" device to penetrate into 
different tissue segments and hold their relative positions for a period of time to 
permit tissue regeneration. This application would be particularly useful with 
biodegradable devices. These uses may involve invasive procedures to introduce the 
microneedle devices into the body or could involve swallowing, inhaling, injecting 
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or otherwise introducing the devices in a non-invasive or minimally-invasive 
maimer. 

Those skilled in the art will know or be able to ascertain using no more than 
routine experimentation, many equivalents to the embodiments and practices 
described herein. 

Accordingly, it will be understood that the invention is not to be limited to 
the embodiments disclosed herein, but is to be understood from the following 
claims, which are to be interpreted as broadly as allowed under the law. 
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Claims 

1 . A microneedle device, comprising 

a first layer formed into the shape of a microneedle and comprising a 
material suitable for piercing tissue, 

a second layer disposed above the first layer, and capable of acting as 
an electrical insulator, and 

a third layer disposed above the second layer and capable of 
conducting and electrical charge. 

2. A microneedle according to claims, wherein the first layer comprises a metal 
material. 

3. A microneedle according to claim 2, wherein the metal material selected 
from the group consisting of copper, silver, tungsten, titanium, gold, platinum, 
palladium, nickel and [titanium]. 

4. A microneedle according to claim 1, wherein the second layer comprises an 
electrically insulating material. 

5. A microneedle according to claim 4, wherein the insulating material is 
selected from the group consisting of silicon, glass, plastic, air ceramic, oxidized 
silicon and mylar. 

6. A microneedle according to claim 1, wherein the third layer comprises a 
metal. 

7. A microneedle according to claim 6, wherein the metal is selected from the 
group consisting of copper, silver, tungsten, titanium, gold, platinum, palladium, 
nickel and [titanium]. 

8. A microneedle according to claim 1, wherein at least one of the second and 
third layers comprise material deposited on to the first layer. 
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9. A microneedle according to claim 1, wherein at least one of the layers 
comprise layers formed of a doped material 

10. A microneedle according to claim 1, wherein at least one of the layers 
comprise a layer formed of sputtered material. 

1 1 . A microneedle according to claim 1 , wherein at least one of the first and 
second layers is discontinuous. 

12. A microneedle according to claim 1, further comprising 

a layer having an election transfer agent. 

13. A microneedle according to claim 1, wherein the election transfer agent 
comprises an enzyme. 

14. A system for sample analysis, comprising 

a microneedle having 

a first metal layer formed 
as a needle, 

a second insulating layer disposed above the first layer, and 

a third metal layer disposed above the second layer and 
having an election transfer agent disposed thereon, and 

a sensor coupled to the third metal layer and capable of 
detecting a change in an electrical parameter. 

15. A system according to claim 14, wherein the sensor is selected from the 
group consisting of a resistor, a hall effect device, a capacitor, an inductor, a 
thermsistor, and a differential amplifier. 

1 6. A'system according to claim 14, further comprising 
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a delivery mechanism for delivering a medicant through the 
microneedle in response to a detected change in an electrical parameter. 

17. A system according to claim 14, further comprising a dose control system for 
controlling as a function of a change in an electrical parameter a dose to deliver. 

18. A system according to claim 14, for the comprising 

a visual display for generating a visual indication of a detected change 
in an electrical parameter. 

19. A system according to claim 14, for the comprising 

an audio indicator for generating an audio signal to indicate a detected 
change in an electrical parameter. 

20. A patch comprising, 

a substrate, and 

a plurality of microneedles formed on the substrate wherein at least 
one of the microneedles comprises at least three layers. 

21 . A process for manufacturing a microneedle, comprising 

forming a first layer of material in the shape of a microneedle, and 
forming a second layer of material on the first layer. 

22. A process according to claim 21 , further comprising 

forming on the second layer a third layer of material. 

23. A process according to claim 21, further comprising disposing election 
transfer agents on at least one layer. 
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